Context. The extrasolar planet WASP-67 b is the first hot Jupiter definitively known to undergo only partial eclipses. The lack of the second and third contact point in this planetary system makes it difficult to obtain accurate measurements of its physical parameters. Aims. By using new high-precision photometric data, we confirm that WASP-67 b shows grazing eclipses and compute accurate estimates of the physical properties of the planet and its parent star. Methods. We present high-quality, multi-colour, broad-band photometric observations comprising five light curves covering two transit events, obtained using two medium-class telescopes and the telescope-defocussing technique. One transit was observed through a Bessel-R filter and the other simultaneously through filters similar to Sloan g ′ r ′ i ′ z ′ . We modelled these data using jktebop. The physical parameters of the system were obtained from the analysis of these light curves and from published spectroscopic measurements. Results. All five of our light curves satisfy the criterion for being grazing eclipses. We revise the physical parameters of the whole WASP-67 system and, in particular, significantly improve the measurements of the planet's radius (R b = 1.091 ± 0.046 RJup) and density (ρ b = 0.292 ± 0.036 ρJup), as compared to the values in the discovery paper (R b = 1.4 +0.3 −0.2 RJup and ρ b = 0.16 ± 0.08 ρJup). The transit ephemeris was also substantially refined. We investigated the variation of the planet's radius as a function of the wavelength, using the simultaneous multi-band data, finding that our measurements are consistent with a flat spectrum to within the experimental uncertainties.
Introduction
WASP-67 b (Hellier et al., 2012 ) is a transiting extrasolar planet (TEP), discovered by the SuperWASP group (Pollacco et al., 2006) , orbiting a K0 V star (V = 12.5 mag) every 4.61 d. It is an inflated (ρ b ≪ ρ Jup ) hot Jupiter (a ∼ 0.05 AU) on a grazing orbit (impact parameter b > 0.9), causing the transit light curve to have an atypical V shape. Hellier et al. (2012) found that WASP-67 b satisfies by 3σ the grazing criterion (X = b + R b /R ⋆ > 1), which makes it the first TEP definitively known to have a grazing eclipse 1 . In this particular configuration, the second and third contact points (e.g. Winn, 2010) are missing and the light curve solution becomes degenerate. This fact hampers accurate measurements of the photometric parameters of the system. Consequently, Hellier et al. (2012) measured the radius of the planet with a large uncertainty of ∼ 20%. In such cases, high-quality light curves are mandatory in order to reduce the error bars to levels similar to those of other known TEPs.
Here we present the first photometric follow-up study of WASP-67 since its discovery paper. The main aim of this study is to refine the physical parameters of the system and ephemeris, setting the stage for a more detailed study in the near future. WASP-67 is located in field #7 of the K2 phase of the NASA's Kepler mission 2 , and will be observed continuously for approximately 80 d in late 2015.
Observations and data reduction
A complete transit of WASP-67 b was observed on 2012 June 4 (Table 1) using the Gamma Ray Burst Optical and Near-Infrared Detector (GROND) instrument mounted on the MPG 3 2.2-m telescope, located at the ESO observatory in La Silla (Chile). GROND is an imaging system capable of simultaneous photometric observations in four optical (similar to Sloan g ′ , r ′ , i ′ , z ′ ) and three NIR (J, H, K) passbands (Greiner et al., 2008) . Each of the four optical channels is equipped with a back-illuminated 2048 × 2048 E2V CCD, with a field of view of 5.4 ′ × 5.4 ′ ⋆ Based on data collected with GROND at the MPG 2.2-m telescope and DFOSC at the Danish 1.54-m telescope.
1 Other TEPs which might undergo grazing eclipses are WASP-34 (Smalley et al., 2011) and HAT-P-27/WASP-40 (Béky et al., 2011; Anderson et al., 2011) .
2 http://keplerscience.arc.nasa.gov/K2/ 3 Max Planck Gesellschaft. (Southworth et al., 2009) .
Another complete transit of WASP-67 b was observed on 2013 June 22, using the DFOSC imager mounted on the 1.54-m Danish Telescope, also at the ESO observatory in La Silla, during the 2013 observing campaign by the MiNDSTEp consortium (Dominik et al., 2010) . The instrument has a E2V44-82 CCD camera with field of view of 13.7 ′ ×13.7 ′ and a plate scale of 0.39 ′′ pixel −1 . The observations were performed through a Bessel R filter, the telescope was defocussed and autoguided, and the CCD was windowed to reduce the readout time. With the applied defocus, the diameter of the PSF of the target and reference stars was ∼12 ′′ , similar to that for the GROND images. The optical data collected from both telescopes were reduced using defot, an idl 4 pipeline for time-series photometry (Southworth et al., 2009) . The images were debiased and flat-fielded using standard methods, then subjected to aperture photometry using the aper 5 task and an optimal ensemble of comparison stars. Pointing variations were followed by cross-correlating each image against a reference image. The shape of the light curve is very insensitive to the aperture sizes, so we chose those which yielded the lowest scatter. The relative weights of the comparison stars were optimised simultaneously with a detrending of the light curve to remove slow instrumental and astrophysical trends. This was achieved by fitting a straight line to the out-of-transit data for the DFOSC data and with a fourth-order polynomial for the GROND data (to compensate for the lack of reference stars caused by the smaller field of view).
The final differential-flux light curves are plotted in Fig. 1 and tabulated in Table 2 . In particular, in the top panel of Fig. 1 the GROND light curves are reported superimposed in order to highlight the differences of the lightcurve shape and of the transit depth along the four passbands. Interestingly, and contrary to what is expected for higher-inclination systems (e.g. Knutson et al. 2007) , the transit depth gradually increases moving from blue to red bands. This phenomenon happens because the planet only covers the limb of the star (as this is a grazing eclipse), which is fainter in the blue part of the optical spectrum than the red one due to the stronger limb darkening. So we expect to see shallower eclipses in the bluest bands for this system.
The DFOSC Bessel-R light curve is shown in the bottom panel of Fig. 1 superimposed with the GROND Sloan-r ′ light curve and with that from Hellier et al. (2012) obtained with the Euler 1.2-m telescope through a Gunn-r filter. This panel highlights the slight variation of the transit depth between the DFOSC and GROND light curves; the Euler data are more scattered and agree with both. Slight differences can be caused by the different filters used or by unocculted starspots. The latter hypothesis suggests a variation of the starspot activity of the WASP-67 A during a period of two years, which is reasonable for a 5200 K star. Notes. N obs is the number of observations, Texp is the exposure time, T obs is the observational cadence, and 'Moon illum.' is the fractional illumination of the Moon at the midpoint of the transit. The aperture sizes are the radii of the software apertures for the star, inner sky and outer sky, respectively. Scatter is the r.m.s.a scatter of the data versus a fitted model.
Similar to some previous cases (Nikolov et al., 2012; Mancini et al., 2013b Mancini et al., , 2014 , the quality of the GROND NIR data were not good enough to extract usable photometry. We were only able to obtain a noisy light curve in the J band that, considering the particular transit geometry of the WASP-67 system, returned very inaccurate estimates of the photometric parameters in the light-curve fitting process (see next section) in comparison with the optical ones.
Light-curve analysis
Our light curves were modelled using the jktebop 6 code (see Southworth, 2012 , and references therein), which represents the star and planet as biaxial spheroids for calculation of the reflection and ellipsoidal effects and as spheres for calculation of the eclipse shapes. The main parameters fitted by jktebop are the orbital inclination, i, the transit midpoint, T 0 , and the sum and ratio of the fractional radii of the star and planet, r A + r b and k = r b /r A . The fractional radii are defined as r A = R A /a and r b = R b /a, where a is the orbital semimajor axis, and R A and R b are the absolute radii of the star and the planet, respectively.
Each light curve was analysed separately, using a quadratic law to model the limb darkening (LD) effect. Due to the difficulty of measuring accurate LD coefficients in TEP systems with impact parameters b ≥ 0.8 (Müller et al., 2013) , the WASP-67 A LD coefficients were fixed to their theoretical values . We also assumed that the planetary orbit is circular (Hellier et al., 2012) . We included in the fits the coefficients of a linear (DFOSC) or fourth (GROND) polynomial versus time in order to fully account for the uncertainty in the detrending of the light curves.
We also considered the two light curves obtained with the Euler 1.2-m and Trappist 0.6-m telescopes, which were reported in Hellier et al. (2012) . In order to present a homogeneous analysis, we refitted these two light curves using jktebop in the same manner as for our own data.
As in previous work (Mancini et al., 2013a (Mancini et al., ,b,c, 2014 , we enlarged the error bars of the light curve points generated by our reduction pipeline. Such a process is necessary because the aper algorithm, used to perform aperture photometry, tends to underestimate the true uncertainties in the relative magnitude measurements. This a typical situation in time-series photometry, where additional noise sources such as red noise are not accounted for by standard error-estimation algorithms (e.g. Carter & Winn, 2009) . We therefore rescaled the error bars for each eclipse to give a reduced χ 2 of χ 2 ν = 1, and then again using the β approach (e.g. Gillon et al., 2006; Winn et al., 2008; Gibson et al., 2008) .
Orbital period determination
We used our photometric data and those coming from the discovery paper (Hellier et al., 2012) to refine the orbital period of WASP-67 b. The transit time for each of the datasets was obtained by fitting with jktebop, and uncertainties were estimated using Monte Carlo simulations. All timings were placed on the BJD(TDB) time system and are summarised in Table 3 . The plot of the residuals is shown in Fig. 2 . The resulting measurements of transit midpoints were fitted with a straight line to obtain a final orbital ephemeris:
where E is the number of orbital cycles after the reference epoch, which we take to be that estimated by Hellier et al. (2012) , and quantities in brackets denote the uncertainty in the final digit of the preceding number. The quality of fit, Notes. References: (1) Euler 1.2-m telescope (Hellier et al., 2012) ; (2) Trappist 0.6-m telescope (Hellier et al., 2012) ; (3) GROND g ′ -band (this work); (4) GROND r ′ -band (this work); (5) GROND i ′ -band (this work); (6) GROND z ′ -band (this work); (7) Danish 1.52-m telescope (this work) χ 2 ν = 1.90, indicates that a linear ephemeris is not a perfect match to the observations. However, considering that our timings cover only three epochs, it is difficult to claim systematic deviations from the predicted transit times. Future Kepler data will enlarge the number of observed transit events of WASP-67 b and may rule in or out possible transit timing variations.
Photometric parameters
The GROND light curves and the jktebop best-fitting models are shown in Fig. 3 . A similar plot is reported in Fig. 4 for the light curves from the Danish Telescope and Hellier et al. (2012) . The parameters of the fits are given in Table 4 . Uncertainties in the fitted parameters from each solution were calculated from 5500 Monte Carlo simulations and by a residual-permutation algorithm (Southworth, 2008) . The larger of the two possible error bars was adopted for each case. The errorbars for the fits to individual light curves are often strongly asymmetric, due to the morphology of the light curve. The final photometric parameters were therefore calculated by multiplying the probability density functions of the different values. This procedure yielded errorbars which are close to symmetric for all photometric parameters, which are given in Table 4 . The values obtained by Hellier et al. (2012) are also reported for comparison. Due to their lower quality, we did not use any of the GROND-NIR light curves to estimate the final photometric parameters of WASP-67.
Physical properties
Similarly to the Homogeneous Studies approach (Southworth, 2012 , and references therein), we used the photometric parameters estimated in the previous section and the spectroscopic properties of the parent star (velocity amplitude K A = 0.056 ± 0.004 km s −1 , effective temperature T eff = 5200 ± 100 K and metallicity Fe H = −0.07 ± 0.09; Hellier et al. (2012) ), to revise the physical properties of the WASP-67 system using the absdim code.
We iteratively determined the velocity amplitude of the planet (K b ) which yielded the best agreement between the measured r A and T eff , and the values of R A /a and T eff predicted by a set of theoretical stellar models for the calculated stellar mass and were propagated by a perturbation analysis, and the overall best fit was found by evaluating results for a grid of ages. We assessed the contribution of systematic errors from theoretical stellar models by running solutions for five different grids of models Demarque et al., 2004; Pietrinferni et al., 2004; VandenBerg et al., 2006; Dotter et al., 2008) . The final set of physical properties was calculated by taking the unweighted mean of the five sets of values found from the different stellar models, and the systematic errors were taken to be the maximum deviation of a single value from the mean. The physical parameters of the WASP-67 planetary system are given in Table 5 . Hellier et al. (2012) for comparison. We find a smaller radius for the star, which is attributable to the better constraint on the stellar density from our high-precision light curves. We also obtain a significantly smaller planetary radius and hence larger surface gravity and density. This is due partly to the smaller stellar radius combined with a comparable measurement of k (Table 4) , and partly to an inconsistency between the R A , R b and k values found by Hellier et al. (2012) . The latter issue arises because Hellier et al. (2012) quote the median value of each fitted parameter from Markov Chain Monte Carlo simulations, rather than giving the set of parameters Notes. The final parameters, given in bold, are the weighted means of the results for the datasets. Results from the discovery paper are included at the base of the table for comparison. The Euler and TRAPPIST data sets are from Hellier et al. (2012) , while the others are from this work. Table 5 . Final physical properties of the WASP-67 planetary system, compared with results from Hellier et al. (2012) . Two sets of errorbars are given for the results from the current work, the former being statistical and the latter systematic. 
Variation of the planetary radius with wavelength
If it were not for the difficulty of measuring its radius, WASP-67 b would be a good target for studies of the planetary atmosphere due to its low surface gravity. However, its moderate equilibrium temperature (T ′ eq = 1003 ± 20 K) indicates that the planet should belong to the pL class , implying that we do not expect to measure large variations of the planet radius with wavelength. As the GROND instrument is able to cover different optical passbands, we used our data to probe the terminator region of the planetary atmosphere.
Following our method in previous works Mancini et al., 2013b) , we refitted the GROND light curves with all parameters except k fixed to the final values given in Table 4 . This approach maximizes the precision of estimations of the planet/star radius ratio by removing common sources of uncertainty. We find the following values:
These results are shown in Fig. 5 , where the vertical errorbars represent the relative errors in the measurements and the horizontal errorbars show the FWHM transmission of the passbands used. For illustration, we also show the predictions from a model atmosphere calculated by Fortney et al. (2010) for a Jupiter-mass planet with a surface gravity of g b = 10 m s −2 , a base radius of 1.25 R Jup at 10 bar, and T ′ eq = 1000 K. The opacity of strong-absorber molecules, such as gaseous titanium oxide (TiO) and vanadium oxide (VO), was removed from the model. Our experimental points are in agreement with the prominent absorption features of the model (sodium at ∼590 nm and potassium at ∼770 nm) and, being compatible with a flat transmission spectrum, do not indicate any large variation of the WASP-67 b's radius.
High-resolution image
Eclipsing binary star systems are a common source of false positives for transiting planets detected by wide-field photometry. The host star can have a gravitationally bound companion, or its light can be contaminated by a background eclipsing binary which is coincidentally at the same sky position. Both cases can mimic a planetary-transit signal. Faint nearby stars may also contaminate the PSF of the target star, thus slightly lowering the depth of the transit and causing us to underestimate the radius of both the TEP and its host star. Finally, these faint nearby stars could also affect the radial velocity measurements of the star, and thus the measured mass of the planet (e.g. Buchhave et al., 2011) .
In order to check if WASP-67 A is contaminated by any faint companion or background stars we observed it on 2014/04/21 with the Andor Technology iXon+ model 897 EMCCD Lucky Camera mounted at the Danish 1.54-m telescope. The imaging area of this camera is 512 × 512 pixels, and each 16 µm pixel projects to 0 ′′ .09 on the sky, giving a 45 × 45 arcsec 2 field of view. The camera has a special long-pass filter with a cut-on wavelength of 650 nm, which corresponds roughly to a combination of the SDSS i ′ + z ′ filters (Skottfelt et al., 2013 ). Fig. 6 shows the resulting image. WASP-67 A is the bright star in the centre of the image. Fig. 7 shows the central region of the image, and it can be seen that two stars (A and B) occur approximately 4.5 ′′ and 6.0 ′′ northeast of WASP-67 A. The plate scales and inner apertures of DFOSC and GROND ( Table 1 ) are such that both stars are inside the defocussed PSFs of WASP-67. However, they are much fainter than WASP-67 A, with ∆(i ′ + z ′ ) = 7.6 mag and 7.9 mag respectively. They therefore contribute only 0.1% and 0.07% of the total flux in each image, so have a negligible effect on our results.
In the eventuality that the two faint nearby stars are intrinsically very blue objects, they could have affected our g ′ -band observations by more than the amount given above. Measurement of a colour index from multiple highresolution images would allow this possibility to be investigated. As a worst-case scenario, if both contaminants have T eff = 30 000 K and are located at such as distance as to contribute 0.1% of the flux in the Lucky Camera passband, the contamination in the g ′ -band would be 1.1%. This figure remains too small to be important to the current analysis.
Kepler-K2 observations
A more extensive study of the WASP-67 planetary system is anticipated as this object will be observed by the Kepler satellite during its K2 phase. To explore the impact of these forthcoming observations we have generated a synthetic light curve matching the K2 data characteristics and subjected it to the same modelling process as for the real data presented in the current work.
We calculated a model light curve for the best-fitting photometric parameters (Table 4 ) using jktebop and for quadratic LD coefficients appropriate for the K p passband . This was extended over the full duration of the observations for field #2 (as the schedule for field #7
is not yet set), and numerically integrated to the duration of the short-cadence (58.8 s) and long-cadence (29.4 min) data types obtained by Kepler. Gaussian random noise was added to each datapoint equivalent to a scatter 100 parts per million per six-hour time interval (Howell et al., 2014, their fig. 10 ). Datapoints outside orbital phases −0.02 to 0.02 were discarded for computational convenience.
The synthetic light curves were fitted with jktebop using the same treatment as our real datasets for WASP-67, with the exception that we numerically integrated the model for the long-cadence simulated data to match its sampling rate (Southworth, 2011) . We find that the uncertainties in the resulting photometric parameters are rather similar between the two cadences, which is due to the relatively smooth brightness variation through the partial eclipse of WASP-67. They are also similar to those of our final parameters in Table 4 , suggesting that the Kepler data will not allow a substantial improvement in the measured physical properties of WASP-67. This result was unexpected, but can be explained by the larger scatter of the Kepler data (0.83 mmag for short-cadence) versus our best light curves (see Table 1 ).
One possibility which is much better suited to K2 observations is the detection of the rotational period of WASP-67 A due to spot-induced brightness modulations. WASP-67 A is a cool star (5200 K) but no spot modulation was detected in the SuperWASP light curve to a level of roughly 1 mmag. The data acquired by K2 may allow the rotational period to be estimated, useful for dynamical and tidal studies.
Summary and conclusions
We have presented the first follow-up study of the planetary system WASP-67, based on the analysis of five new light curves of two transit events of WASP-67 b. The first transit was observed simultaneously with GROND through Sloan g ′ , r ′ , i ′ , z ′ filters; the second was observed in Bessell-R with DFOSC. The transits were monitored roughly one and two years, respectively, after the reference epoch used by Hellier et al. (2012) . Both transit events were observed in telescope-defocussing mode, resulting in a photometric precision of 0.48 − 1.08 mmag per observation. We modelled our new and two published datasets using the jktebop code. By estimating the impact parameter b and the ratio of the planet/star radii, we found that the criterion for a grazing eclipse, b + k > 1, is satisfied for all the light curves, confirming that the eclipse is grazing.
We used the results of the light-curve analysis to substantially improve the measurements of the physical properties of the planet and its host star (Table 5 ). Compared to the discovery paper (Hellier et al., 2012) , we find a significantly smaller radius and a greater density for WASP-67 b. We obtain R b = 1.091±0.046 R Jup versus 1.4 +0.3 −0.2 R Jup , and ρ b = 0.292 ± 0.036 ρ Jup versus 0.16 ± 0.08 ρ Jup . Our revised physical properties move WASP-67 b into a quite different region of parameter space. Fig. 8 shows the change in position in the planet mass-radius plot (top panel) and in the planet mass-density plot (bottom panel). The revised positions are marked with a green circle, while the red circle indicates the old values from Hellier et al. (2012) . The values of the other TEPs were taken from the TEPCat catalogue 7 . For illustration, the bottom panel of Fig. 8 also shows 10 Gyr isochrones of exoplanets at 0.045 AU orbital separation from a solar analogue (Fortney et al., 2007) . The plot suggests that WASP-67 b should have a more massive core than previously thought.
As an additional possibility offered by the GROND data, we made an attempt to investigate possible variations of the radius of WASP-67 b in different optical passbands. Our experimental points are compatible with a flat transmission spectrum and do not indicate any large variation of the planet's radius. The gradual increase of the transit depth moving from the GROND g ′ to z ′ band, which is opposite to the case for higher-inclination systems, is explicable by the fact that WASP-67 b only produces grazing eclipses. Due to the stronger limb darkening, these are shallower in the blue bands than in the red ones.
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